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Chapter |

INTRODUCTION

A. HOLOGRAPHIC INTERFEROMETRY

Holographic interferometry is a non-intrusive optical method and as such
posesses considerable advantages. It does not disturb the velocity and
temperature field by creating an obstacles which would alter the flowfield.
Their contribution to the total energy of the system may be negligible, in
comparison with the amounts of energy transported within the systerﬁ by
natural processes. Further, there are practically no inertial errors.This
contributes to flexibility and enables us to observe transient processes,
which would otherwise be hard to observe. Moreover, the measurement
technique simultaneously deals with a large portion of the flowfield (with the

same interferogram), avoiding point-by-point measurements.

These (optical) methods have some disadvantages as well. First, the
apparatus requires a steady powerful source of single wavelength
(coherent) light, i.e. laser. Second, some techniques require pre and
postprocessing of emitted and reflected light, e.g. Laser Doppler
Anemometry or spec;ial'dptics, e.g. Mach-Zender cells. Third, these
techniques cannot be easily performed and require high quality

components, €.0. special coated lenses etc. Therefore a desirable



interferometry technique should overcome these difficulties and still retain

the accuracy and other advantages of above methods.

Holography, as one of the interferometry methods, retains the accuracy
of older methods, and at the same time eliminated the system error of
participating components. It also allows one to adjust the measurement
technique to the experiment being performed; e.g. the speed of recording

and speed of data processing.

There are, unfortunately, still some disadvantages in holography. The
measured media must be transparent, as well as the borders (the walls) of
the experiment. This often brings problems due to different physical
characteristics of glass (as most common used housing) when compared to
the the properties of the experimental media. Furthermore, although a
considerable portion of fluid field is recorded simultaneously, one is limited
by the strength of spatial filters and collimators and intensity of the beams.
The results obtained are not straigthforward, they have to be processed and

this allows the possibility of either wrong interpretation or human error.

The holographic interferometry consists of comparing the objective beam
with the reference beam and observ%ng the difference in lengths of optical
paths, which can be observed during the propagation of the light through a
medium with locally varying refractive index. Thus, change in the refractive

index can be observed as a family of nonintersecting surfaces in space



(wave frohts), described with an eikonal equation with E=const. The eikonal
(geometrical wave front) equations can be obtained by describing light
propagation through a three dimensional vector field with streamiines being

the light rays. A more detailed description of the process and the equations

are given in /1/.

Figure 1: The Interferogram of the Wave Front /1/

The portrayal of wave front as a surface in space is seen in the figure 1.
The phase difference, caused by the structure of wave front, while the light

is passing through the surface affects changes in intensity of the light and



therefore makes the boundaries of each eikonal surface visible. There are

two types of interference possible:

1. Normal Interference (Mach-Zehnder): If the light beam is passed
through a distorted wave front, and its recording is compared to
some reference (undistorted) wa\;e front, the difference is seen in
terms of interference lines. The contours, seen in the figure 1, are
intersections between parallel equidistant plane surfaces ( S and 1)
and the distorted wave front. Here . represents wavelength of the
light beam we are measuring with, S being an integer positive
multiplier. For odd multiples of A/2, a minima in intensity occurs and
for even multiples, a maxima occurs. Mimima is represented W|th 7
black stripes whereas maxima with brighter (more intensive) lines.

2. Differential Interference: If the same wave front is displaced laterally,
parallel to the direction of the light beam, the differeﬁce in
displacement can be observed as a change in refractive index and

therefore by means of interference lines.

B. HEAT PIPE

The object of our investigation is a rectangular heat.pipe. This device is
used for transfer of heat by evaporating and condensing the working fluid.
A wick structure is used to return the condensed fluid to the evaporator

employing capillary forces in the wick.The capillary forces must yield



sufficient transfer of the vapor from the evaporator to condenser. The latent

heat of evaporation is exploited by the evaporating on the heated side and

condensing on the cooide side.

There are many advantages to the heat pipes. It is compact, can be made
modular and can achieve very high effective thermal conductivity. It can be
used in many environments with excess heat production, where space and

weight limitations exist. Such environments exist in space vehicles. fusion

energy systems and electronic appliances.

Container Wick  Liquid Flow  Vapor Flow

Heat Input Heat Qutput

Adiabatic Condensar

Evaporatcr
l_

Saction | Section | Section

Figure 2: A Heat Pipe /2/




Figure 2 shows the heat pipe, which consists of a case, a wick structure,
and a vapor space. Our experiment simulates an axisymetric crossection
of the heat pipe in figure. In order to justify this simplification we have
assumed the gravity forces to be small compared to convective forces. This
can be justified knowing the fact that vapor velocities in heat pipes
sometimes approach the sonic velocity. Another assurr.\ption was that the
fluid layer is thin and horizontal, therefore the gravity forces in the fluid
layer can be neglected. The rectangular shape of the experimental heat

pipe is therefore justified.

Gaugler /3/ developed the concept of a heat pipe to cool the interior of
an ice box. Later, an intensive work was performed by Grover et al./4/ at
Los Alamos National Laboratory. The first quantitative analysis was
performed by Cotter /5/ in 1965. Since then there have been many advances

in theory, design and practice of heat pipes.



Chapter i

THE THEORY ON HOLOGRAPHIC INTERFEROMETRY

A. SINGLE BEAM INTERFEROMETRY

To avoid confusion with the literature /1/, a single beam will denote
single wavelength measurements, although actually two beams will be used.
The emitting source isa laser. The laser beam is split into an object beam
and a reference beam. The optical system needed to do this is placed on
an air suspensed table. The reason for the use of a "floating” table is the
sensitivity of the measurement method to any disturbance from the
surroundings, e.g. vibrations, caused by someone walking through the lab

or an elevator in use.

Results are obtained using two beams.of the same wavelength but with
a phase difference due to change in the refractive index of a disturbed
system. A 4W water cooled laser with an ethalon (to secure a blue beam at
460 nm) is used. The beam is led through an objective lense (40:1) and then
collimated to maintain parallel direction while passing through the
measurement section. The layout of the apparatus is displayed in figure 3
for the single beam interferometry where the change in refractive index due
to a dominant variation in the property field. Refractive index is, in general,

a function of temperature and density and is a material property. If we want
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Figure 3: The Apparatus for Single Beam Holography interferometry
1. Laser, 3. Variable Beam Splitter, 4. Object Beam,
5 Reference Beam, 6. Spatial Filter, 7.Pinhole,
8. Collimating Lens, 9. Test Section,
10. Holographic Plate, 11. Lens, 12. Camera,
13. Air Suspension Table, 14. Shutter

to measure only the temperature gradient, then we have to make sure that

we are dealing with a pure material at constant density. In this case, the

difference in refractive index is expressed as:

S(x.y,t) A =1 An(4) 1)



If, for example, the temperature field is dominates. equation (1) can be

written

_ an(4)
S(x,y.t) A=1 e AT (2)

Clearly, one can deduce a similar equation for the concentration field at
constant temperature. The techniques used for actual measurements and
derivation of equations will be described as a part of a more general
description of twin beam interferometry, as proposed by Mayinger and

Panknin /6/.

B. TWIN BEAM INTERFEROMETRY

In practice problems with one substance only are seldom present.
Normally, one is dealing with a mixture in a temperature field. To use
holographic interferometry, one must take advantage of the fact that
changes in the refractive indices do not depend only upon the disturbances
in the field measured, but also upon the wavelength of the light we are
measuring with. This idea was thoroughly explored by Panknin /7/. He has
used the concept of twin beam holog'rébh'y to obtain good' results in

measurements of the temperature and concentration along a heated ablated

vertical wall.



To implement twin beam interferometry, the existing apparatus used for
single beam interferometry was upgraded by adding a 15 mW red (He-Ne)

laser, with wavelength A = 632.8 nm.

5
[
ﬁj
X

Figure 4: The Apparatus for Twin Beam Holography Interferometry
1,2. Lasers, 3. Variable Beam Splitter, 4. Object Beam,
5. Reference Beam, 6. Spatial Filter, 7.Pinhole,
8. Collimating Lens, 9. Test Section,
10. Holographic Plate, 11. Lens, 12. Camera,
13. Air Suspension Table, 14. Shutter

The photographic recording method for twin beam holography, see figure
4, is different from that used in single beam interferometry. There, the
hologram was recorded and then compared with the observed distorted

field. In this case the hologram is recorded with both lasers simultaneously,

10
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with their beams carefully aligned on the same spot. To obtain the needed
results, interference fringes are obtained using each beam separately. The

two sets of fringes yield two equation and two unknowns allowing one to

obtain temperature or concentration field.
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Figure 5. The Twin Beam Holography Output

Figure 5 /6/ describes the procedure followed to obtain results, recorded
via twin beam technique. In order to calculate actual data, we have to

supply actual data on material used and derive equations used.
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C. THE THEORY OF TWIN BEAM INTERFEROMETRY
The following assumptions are made in the development of the governing
equations /7/:
1. The optical system is perfect, the experimental setup is mechanically
stable, and the lasers are ideal.
2. The object beams with the wavelengths 4, and i, are ideal parallel
waves.
3 The variation of refractive index is only two dimensional.
4. There is no reflection of the beam due to gradients of the refractive
index.
5. The refractive index of the environment and of the test section (while
recording comparison waves) is constant.

6. The holographic construction is perfect.

We have assumed that the density is either constant or it is changing
linearly with temperature. Now, with the possibility of recording results at
different wavelengths, one can deduce a system of equations for as many
unknowns as we have wavelengths. However, since the change of refractive
index is conditioned with temperature and concentration field, we need to
employ two different wavelengths as mentioned before. The object beam,
passing through the test section at different times, is superimposed on the
comparison wave, which is observed as the difference in optical lenghts of

two exposures. This can be expressed in multiples S of the wavelength 4

12



S(x.y. A) = ITn(x.y, Y= n_] (3)

where [ is the length of the test section in which the refractive index varies.
As a matter of fact, with that approach we observe an average index change
over the test section. ToO determine the change at a point, one must

consider the distance between two fringes as a jength of the test section.

An extinction of light (dark fringes) OcCurs for
1 3 5
sl=—7"5"" 4
ISl=557 @)

and amplification (bright fringes) for

ISl =1,2.3, .- (5)

interference fringes are points of having the same refractive index
change and can be associated with the points of the sameé temperature of
concentration. To relate change of refractive index to change of temperature
and concentration, one must find the “neutral” material property which
depends only on material and wavelength of light used. Such a property is

the molar refractivity N(A) . which is related to the refractive index by

Lorenz- Lorenz egquation:

2 e
N() = i@.z._._‘— _“g. (6)
n(A) +2 :

For the gases with refraction index n=1, equation (6) can be

approximated by the Gladstone - Dale equation:

13



N(A) = -——[n(/)— 1] (7)

if one makes the further assumption that the working gas is be nearly
ideal, M/p can be replaced with the total pressure p , temperature T, and

universal gas constant, R , to yield

N(L) = 23’27 [n(A) — 1] (8)

For a mixture of gases. the molar refractivity is given by a linear
combination of the molar refractivities of the components, weighted by their

concentration

q
N(A)= ) CrnNm ©
m=1

where q is total number of components in the mixture. Note also that

Zcm=1 (10)

Equations (3) and (8) yield the following expression

q
3 Ip 1
Shi=5 R z CmiNmi = 57— z CrmicolVmico (1)

*® m=1

Assuming g =2 one can write the following equation, omitting the

independant variables while describing the dependant variables,

14



, 3 Ip 1 1

Since N, = N(1), N = N_, yielding

3ip Ca  Caso C.+1  Cas
Sii =5 [Na( S TR e S (13)
with
AN; = Ny(1) = Ny(d)) (14)

the final form of equations, used for determination of temperature and

concentration in the flow field, become

T T°°= IAJ _ ,k k (15)
AN, ~ AN,

and
J k™ k
e Nj N, (16)

1. The Single Beam Equations

The single beam equations, with use of which the temperatures or
concentrations can be mre;surrred, are specrinél carsers Bf the twin beam
equations. A single beam can be employed under the assumption that

concentration of all the other ingredients are equal to zero. or that we are

15



interested only in the gas mixture (which is uniform) and not its

components. In this case, eguation (13) becomes

3
_ 3P (1__ __1_) an
2R T T
and finally
1 1 2 SAR
= — 18
=7 "3 TpN (18)

or, if we want to calculate the concentration with T = const

All of the equations above are derived for what is called the infinite
mode. To illustrate the infinite mode, a picture of a burning candle is shown
in figure 6. The fringes on the picture sre showing the column of almost

uniform temperature above the flame and very steep temperature gradient

to the sides.

16



Figure 6. The Infinite Fringes of the Candle Flame

2. The Finite Mode Single Beam Equations

For finite fringes, the system of calculations is somewhat different. To
achieve the finite fringes mode, the system is initially d'isturbed by changing
some of its important physical parameters. During the present experiments
this was achieved by changing the properties of the spatial filter. In this
case there are two reference temperatures, one arbitrarily set, and one at
which the initial state is recorded. The advantage of this method is that
although the molar refractivity is still a function of the wavelength and

material properties, one does not have to look it up in the tables - it is

17



determined by the initial state of the system. i.e. by the initial number of the

finite fringes. In that case (18) becomes

1 1 2 SiR
A1 ., 20
T=T. "3 IpNp (20)
This yields
s. AR TT,
Ny, = = —2 20 (21)
3 Ip To—T

where T is actual temperature and T is an arbitralr'irlﬂy set temperature,
typically set equal to the boiling temperature. We can employ N,, instead
of our previous molar refractivity in equations (18) and (19) to caiculate

temperature and concentration respectively.

As an example of finite fringes two pictures, one showing the candle
flame and the other the actual heat pipe in steady state mode of operation,
are shown in fihures 7 and 8. Although the physical picture of the
phenomena on the picture 7 is not as accurate as on figure 6, it is better
noticeable. The condensation layer in figure 8 could be seen with the use
of infinite mode as well, however it can be easily observed in the finite
mode. The temperature gradient in the figure 8 is represented by the angle

of the fringes rather than with their density.

18



Figure 7:

The Finite Fringes Around the Candle Flame
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Figure 8: The Finite Fringes in the Heat Pipe

20



Chapter il

THE EXPERIMENT

The rectangular heat pipe is shown in the figure 9.

Figure 9: The Experimental Heat Pipe

9loss wall

T

acrylic Lrome

geal
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The goal of this experiment was to measure temperatures in the
rectangular heat pipe. which yields data for computer code oOr model
assesment. In order to simulate proper boundary condition, the upper
boundary, which simulates the centerlane of the heatpipe, was made of
acrylic with jow thermal conductivity. The lower poundary was made of
copper plate, heated on the left side with two 1 square inch targe patch
heaters, and cooled on the right with counterstream cooling system,

attached to a technical water tube system.

There are 7 thermo couples employed. Three on heaters side, three on
cooled side and one of the top. In order to observe the experiment, the side
walls were made out of water glass of high quality. 1/2” thick. The glass
sides were cut on the water-cooled diamond circular saw-mill and finished
with water-sander. Glass is sensitive to heat, and this has caused us many

problems not only during the manufacturing process, put also during

experiment.

In order to achieve proper results we have exposed the investigated
system to high jocal heat fluxes. This has resulted in high temperature
differences, which resulted in cracking of the glass walls. The additional
problem was pecause of the high thermal conductivity of the glass, which
can reach almost the value of the water. Dué to this high thermal
conductivity coefficient, we have got a condensation jayer on the wall. This

layer made a part of the temperature field unvisible, what can be observed

22



on the pictures taken. To solve the latter problem, the glass ought to be

heated. We achieved that with use of the narrow patch heaters under the

level of copper plates.

But this has even enhanced the local thermal stress in the glass and
thuss the probability of glass breaking. Other »elass” of problems were due
to our cooling system. One of the demands while designing this experiment
was the possibility 10 assemble and reassemble the heat pipe, therefore we
could not empioy epoxy glue for critical points. Oﬁ the other hand, the
precision criteria demanded for the bolted joints was not met due to lack
of skills. thereforé we settléd for assembling with the use of RTV-silicon
rubber. However, the side walls were still critical - there we have used
rubber seals. But those seals required certain amount of pressure, applied
toward the glass - copper plate junction, and that meant another possibility
more for a crack of glass. The remedy for the thermal stress would be the
use of the quartz glass - yet this material is even more sensitive to ordinary
(pressure caused) stress then ordinary water-white glass we have used sO
far. To conduct described experiments without further delay we tried to find
the optimum fg;g;ggw?gn the pressure, applied through tigtgning ,,bo,“,s' and
additional heat, Vacrird_e:drtrhrough side and main patch heatcjrs-»'. 77'};isxwars

tedious process, however we have obtained some nice results.

The medium we have worked with (C,Cl3F3, also known as ngon 113) was

quite agressive, and reacted with sealant - silicon rubber RTV. This did nof o

23



cause us only troublesome assemblement and deassemblement of the heat

pipe. but also left “yellow film” on the side walls.

A. HOLOGRAM TAKING TECHNIQUE

We have used the simple exposure techn_ique' with storage of comparison
waves. This means that we have recorded the initial waves, i.e. the waves
which pass through undisturbed system, and then observe the fringes,
created via the plate shift of the measuring beam, penetrating through the
disturbed object. The experimental setup (made by NRC /8/) is composed

of the following elements:

1. LASER is the source of the coherent (i.e. single frequency) paraliel
beam, which is used for measurements. In first two experiments we
‘have used red colored laser beam, i.e. He-Ne laser with 15mW power.
This laser is small, easy to handle and air cooled, which makes it
very handy for school purposes. in the last experiment we have used
larger water cooled 4W maximum output Ar laser. Due to the fact that
we needed coherent beam we were able only to use up to 240mw
power. To got single frequency output the ethalon is employed.
However, 240mW were used only while recording the hologram, the
pictures were taken with 60-80mW power.

2. MIRRORS were used to elevate the beam on the level of experiment

and to direction the splitted beams on the target - the hologram. With

24



Figure 10: He-Ne laser 15 mW

mirrors adjustments we have also set the beam path to the same

lenght.

3. SHUTTER is cruicial for recording good quality hologram. It function
is exactly the same as with camera - it sets up the exposure time. For
our experiments the best results were achieved by using exposure
times around 1/5 sec. The effect of prolonged or too short exposure
time can be corrected by adjusting the time of developing. By the
means of developing time adjustments we can also control the level

of greyness on the hologram. The fact is that brighter the hologram

25



Figure 11: Mir'rors

is, better our reéults will be. However, we may not lose the
information, recorded on holagram. Therefore the best would be to
record the hologram with quite a few darkness and then reduce it to
be as bright as possible and yet not to lose any piece of information
recorded. This is achieved with the use of ferrocide cianide, which
bleached the hologram, but not rerﬁowed the shape, caused by light
while taking the hologram.

4. BEAM SPLITTER splits the beah from the laser into two beams. One

is used as a “measurement” beam, another is the reference beam.

26



Figure 12: Shutter

Our beam splitter is a mirror with different degrees of reflection and
transparence, which enables us to control the intensity of each beam
by turning the beam splitter around its center. The other beam splitter
(older one) was used as a filter for fine adjustments of intensity of
measurement’s beam.

5. SPATIAL FILTER was used to spread?thg beam on the wider area.
Spatial filter is an apparatus, composed from obi'ecftive lense 40:1,
and a pinhole, which purpose is to homogeneous enlarge the beam
crossection.

6. COLLIMATING LENSE is a lense which purpose is to direct the beam,

which is spherically expanded from the objective lense, along z-axis

27



Figure 13: Beam Splitter

Figure 14: Spatial Filter

28



B. STEADY - STATE EXPERIMENT I -

and thus form a “cylinder” or a measurement section. As the result,
an experiment can be placed anywhere along the axis of the cylinder
with no effect on the final hologram.

HOLDER consists of a steel housing, placed on a metal support and
with a draining and filling system. Side walls are transparent - made
out of water white glass. Part of a kit is also the hard-deck cover,
which is used to protect undeveloped plate from being exposed to a
light. The draining and filling system is used for developing the plate,
after taking the hologram. The developer used was Kodak D-19
developer, fixer and indicator stop bath. The best results were
achieved after developing for about 3 min rather than 5 minutes as
recommended by Kodak Co.. If we were to work without the bleach,
used to decolour the hologram, 30 - 45 seconds developing would

probably be enough, however this is to be tested.

The goal of this experiment was to establish a relationship between the

power, used for heating the heat pipe and the actual temparature in the flow

field. This would enable us to controle and calibrate a computer code,

written by Mr. Farrokh Issacci, Ph.D. student at UCLA, and understand the

temperature pattern as well as critical heat points in the real heat pipe

during operation.

29



Figure 15: Holder

The heat pipe was divided into three sections A, B and C, each with three
levels, as indicated in figure 16 . The results are tabulated and presented
in form of graphs for each cross section A, B and C as a temperature as a
function of position and power. The power meant is the input power to the
patch heaters, which is not exactly the power, carried by the heat pipe, but
gives us approximately right result. In the future we will calculate the reai
heat transfer from temeperatures known (i.e. known temperature gradient.)
Interesting result is seen in the cross section B, where temperature along
Y axis almost does not vary. To illustrate the development of temperature

gradient, three photographs are attached, each for different power. To
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Figure 16: Measurement Points in the Heat Pipe Cross Section

enhance visibility of the last print. | have pointed them out by drawing black

lines or dots in the middle of the fringe.

C. STEADY - STATE EXPERIMENT i

During first experiment the data recorded were obstructed by
condens;té, fralﬁlir;rgmfrr'om the top and raising from the bottom. To enwiden
the visible temperature field we have decided to remove the cork - acrylic
simulated adiabatic boundary and let gas to expand all the way up. Since

the housing is also made up from acrylic and since we added narrow patch
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Figure 17: Temperature vs. Power in Cross Section A - Exp. |

heaters, warmed up to the pre-operational temperature, we did not lose in
generality. The test section was now 13/16” wide (before was 1/27). The

results were much clearer, which is seen also on the photographs enclosed.
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Figure 18: Temperature vs. Power in Cross Section B - Exp. |

Again, the results are presented in the form of graphs, showing the
temperature as a function of power input. We can again observe ‘smaller

temperature gradient along vertical direction in section B as in section A.
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Figure 19: Temperature vs. Power in Cross Section C - Exp. |

D. TRANSIENT OPERATION

The goal of this experiment was to determine how fast the temperature
field in the heat pipe achieves its steady- state value. In order to record this
development, a series of photogrlaphs were taken, describing the
development of the temperature field at a constant power. The width of the

test section was again 13/16”, the power on heaters was 2.4 W. The graphs,
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Figure 20: Fringes at Power = 1.5 W - Exp. |

describing section A, B, C as a function of position and time are attached

as well as are of photographs at each step.

The result were obtained by calculating the temperatures by means of
finite fringes, so the series of pictures taken represent the altering of
temperature field as altering of finite tringes, therefore its appearance
somwhat differ to the pictures, shown in previous sections. The graphs
displayed show expected behaviour of temperature values while

approaching the steady state. But note also the very slow mode of
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Figure 21: Fringes at Power = 4.0 W - Exp. |

establishing the steady state operation in heat pipes, which gives

oppurtunity to explore, how can this operation mode be achieved faster.
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Figure 22. Fringes at Power = 6.0 W - Exp. |
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Figure 26: Fringes at Power = 2.0 W- Exp. |I
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Figure 27: Fringes at Power = 4.0 W- Exp. I
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Figure 28: Fringes at Power
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Figure 32: Fringes at Time = 0 min - Initial State
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Figure 33: Fringes at Time = 2 min,
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Figure 34: Fringes at Time = 5 min
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Figure 35: Fringes at Time = 8 min

50



Figure 36:

Fringes at Time = 14 min
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Figure 37: Fringes at Time = 25 min
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Chapter IV

CONCLUSION

All three experiments can be included into single beam holography
interferometry, however they were needed to conquer the techniques
needed for using twin beam holography interferometry as well as
understanding and calibrating the previouse mentioned computer code. The
results shown qualitatively correspond to those. given in Mr. Issacci

proposal, for the quantitative resuits, ought to be scaled and than

compared.

A. FINAL REMARKS

Next step is obvious twin beam interferomety. As a cure for our cracking
problem with the side windows, the acrylic windows should be used. Also,
the quality of the pictures taken is going to be improved by using the
appropriate developing and bleach techniques. In the future we will focus
on behaviour of gas mixture in the heat pipe as well as buildup of

concentration field in the heat pipe and thus predict and control operational

mode of the heat pipe.
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